Abstract The current study is an extension of our previous study where we tested the protective efficacy of gp63 and Hsp70 against murine visceral leishmaniasis. The cocktail vaccine was combined with MPL-A and ALD adjuvants and the protection afforded by the three vaccines was compared. Inbred BALB/c mice were immunized twice at an interval of two weeks with the vaccine formulations. Two weeks after the booster, they were challenged with 10 7 promastigotes of Leishmania donovani and sacrificed on 30, 60 and 90 days post infection/challenge. The protective efficacy of vaccines was analyzed by assessment of the hepatic and splenic parasite burden and generation of cellular and humoral immune responses. The immunized animals revealed a significant reduction in parasite burden as compared to the infected controls. These animals also showed heightened DTH response, increased generation of IgG2a, IFN-c and IL-2 by spleen cells. This was also accompanied by a decrease in the levels of IgG1 and IL-10. Mice immunized with gp63?Hsp70?MPL-A exhibited significantly greater protection in comparison to those immunized with gp63?Hsp70?ALD.
Introduction
Tropical parasitic diseases remain an important health concern in underdeveloped countries. Kinetoplastid parasites of the genus Leishmania generate a variety of pathologies collectively termed leishmaniasis, afflicting millions of people worldwide (Ashford et al. 1992; Banuls et al. 2007 ). Three major clinicopathological categories are recognized: cutaneous leishmaniasis (CL), muco-cutaneous leishmaniasis (MCL) and visceral leishmaniasis (VL) each caused by distinct species. VL is a clinical affliction that affects around 50,000 people globally every year. Leishmania parasites are among the best candidates for the development of safe and effective vaccines against their infection since, in vertebrate hosts, the parasite has a single morphological form, the amastigote that does not undergo genetic variation and is responsible for the pathology in the mammalian host, and has a single target host cell, the macrophage (Pearson et al. 1983) . Leishmania parasites escape from the humoral response by hiding as amastigotes inside the phagolysosomes of host macrophages, therefore circulating antibodies have little or no effect on the infection. So, cell-mediated immunity plays a major role in protection against the parasite (Sukumaran and Madhubala 2004) . Considerable effort has been made to develop a vaccine to induce specific anti-parasitic immune responses. The first recombinant antigen used to vaccinate against leishmaniasis was leishmanolysin or gp63 (Handman 2001) . It plays a central role in a number of host cell molecular events that likely contribute to the infectivity of Leishmania (Halle et al. 2009 ). Because of the abundance of gp63 and its ability to mediate resistance against infectious promastigotes, gp63 has been suggested as a candidate for vaccination against Leishmania infection (Handman et al. 1990; Nascimento et al. 1990 ). In fact, the first recombinant antigen used to vaccinate against leishmaniasis was leishmanolysin or gp63 (Handman 2001) . The recombinant form of gp63 (rgp63) expressed in E. coli conferred partial protection in the vervet monkey host (Olobo et al. 1995) . Furthermore, murine dendritic cells (DC), when loaded with gp63 as antigen, enhanced the capability to control the parasite burden (Berberich et al. 2003) . The antigen when encapsulated in liposomes has been shown to afford significant protection against murine VL and CL (Jaafari et al. 2006) . In a recent study, BLAST cladogram and phylogenetic tree analysis shed light on the fact that a high level of conservation and identity amongst gp63 residues may help in the designing of a common vaccine against VL caused by different species of Leishmania (Sinha et al. 2011) .
Many of the immunogenic Leishmania antigens are members of conserved protein families such as heat-shock proteins (Hsps) (MacFarlane et al. 1990; Skeiky et al. 1995) . One of the Hsps, Hsp70 from Leishmania major has not been found protective in murine models of CL and stimulates strong humoral responses in cutaneous and VL patients. The humoral immune responses against the different truncated forms of Hsp70 suggested a mixed Th1/Th2 response in vivo (Rafati et al. 2007 ). In an earlier study, gp63 DNA vaccine and polytope DNA vaccines fused with Hsp70 have been shown to be immunogenic (Sachdeva et al. 2009 ). Recently, in our laboratory we tested the protective efficacy of cocktail vaccine comprising of gp63 and Hsp70 (Kaur et al. 2011b ). The vaccine formulation imparted significant protection against L. donovani, however the protection afforded was not complete. In our previous studies, we observed that addition of autoclaved Leishmania donovani (ALD) and monophosphoryl lipid A (MPL-A) as adjuvants to 78 kDa antigen and cocktail vaccine of Hsp70 and Hsp83 increased significantly the level of protection imparted by these vaccine formulations in VL infected mice (Nagill and Kaur 2010; Kaur et al. 2011a) . Therefore, to further strengthen the immunogenicity of the cocktail vaccine of gp63 and Hsp70, in the current study, we added two adjuvants MPL-A and ALD and compared the level of protection afforded by them.
Materials and methods

Parasite strain
The MHOM/IN/80/Dd8 strain of L. donovani, originally obtained from London School of Hygiene and Tropical Medicine, London, was used for the present study and maintained in vitro at 22 ± 1°C in RPMI-1640 with 10 % foetal calf serum (FCS).
Animals
Inbred BALB/c mice of either sex, weighing 20-25 g, were obtained from the Central Animal House of Panjab University, Chandigarh. They were kept in germ free environment and fed with water and mouse feed ad libitum.
Ethical clearance
The ethical clearance for conducting the experiments was obtained from the Institutional Animal Ethics Committee, Panjab University, Chandigarh, India.
Identification and electroelution of proteins
The parasite proteins were run on SDS-PAGE gels (miniVE vertical electrophoresis system, Amersham, USA) by the method of Laemmli (1970) . The proteins were also localized by 2-D gel electrophoresis in a previous study (Kaur et al. 2011b) . After staining and destaining the gel, the bands of interest were taken in the electrophoresis buffer (0.025 M Tris, 0.192 M glycine, 1 % SDS) in electro-eluter and a constant voltage of 50 V for 5-6 min was applied through the gel. After elution, the proteins were dialyzed and suspended in PBS (pH 7.2) and were quantified (Lowry et al. 1951 ).
Preparation of various vaccine formulations
Based on gp63 and Hsp70, three types of vaccines were prepared in the present study. The cocktail vaccine of gp63 and Hsp70 was prepared as described previously (Kaur et al. 2011b ). The antigens were formulated with two adjuvants: autoclaved L. donovani antigen (ALD) and MPL-A (Sigma-Aldrich, USA). The ALD adjuvant was prepared by autoclaving the parasite suspension (10 8 per ml) at 15 lbs for 30 min and the protein content was quantified (Lowry et al. 1951) . The gp63?Hsp70?ALD vaccine was prepared by mixing 250 lg of eluted proteins with 2.5 mg of ALD antigen while gp63?Hsp70?MPL-A vaccine was prepared by the addition of 100 ll solution of MPL-A (conc. 10 mg/ml) to 250 lg of the eluted proteins.
Immunization and infection of mice BALB/c mice were immunized by subcutaneous injections of 10 lg of gp63 and Hsp70 along with MPL-A or ALD. Two injections were given at an interval of 2 weeks. Animals receiving only PBS served as controls (Normal and Infected). Two weeks after the booster, the immunized and infected controls were challenged intracardially with 10 7 log phase promastigotes.
Assessment of parasite load
Six animals from each group were sacrificed on 30, 60 and 90 days post infection/challenge. Liver and spleen of all animals were removed and weighed. Impression smears of liver and spleen were made and the parasite load was assessed in terms of Leishman Donovan Units (LDU) by the method of Bradley and Kirkley (1977) .
DTH responses to leishmanin
48 h before the day of sacrifice, all groups of mice were challenged in right and left foot pad with a subcutaneous injection of leishmanin (prepared in PBS) and PBS respectively (Kaur et al. 2008) . Before sacrificing the animals (that is, on 30, 60 and 90 days post infection/challenge), the thickness of right and left foot pad was measured using a pair of Vernier callipers. Results were expressed as mean ± SD of percentage increase in the thickness of the right foot pad as compared to the left footpad of mice.
ELISA for parasite-specific IgG1 and IgG2a isotypes
The specific serum immunoglobulin G (IgG) isotype antibody response was measured by conventional ELISA using commercially available kits (Bangalore Genei, India). Crude antigen (10 lg/well) was prepared by harvesting log phase promastigotes from the culture, freeze thawed (6 cycles) and then centrifuged at 10,000 rpm at 4°C. The supernatant was collected, estimated for protein concentration and used for coating the 96-well ELISA plates. Serum samples were added at twofold serial dilutions, followed by addition of isotype specific HRP-conjugated secondary antibodies (rabbit anti-mouse IgG1 or IgG2a) after which the H 2 O 2 substrate and DAB chromogen were added and absorbance was read on an ELISA plate reader at 450 nm.
Determination of vaccine-induced cytokine production
For cytokine assay, cell suspensions were made by tearing the spleen in MEM. The dish was kept undisturbed for 5 min and the supernatant was taken out carefully and then centrifuged at 1,500 rpm for 15 min. To lyse the erythrocytes, 4 ml of 0.85 % ammonium chloride was added to the pellet, thoroughly mixed with care and kept on ice for 20 min. After that the pellet was centrifuged at 1,500 rpm for 15 min. This whole procedure was repeated until white pellet of lymphocytes was obtained. The lymphocytes isolated from spleens of mice were cultured in 24 well plates in 1 ml of RPMI-1640 containing 20 mM NaHCO 3 , 10 mM HEPES, 10 U/ml of penicillin, 100 lg/ml streptomycin, 2 mM L-glutamine and 10 % FCS. Cells were stimulated with 50 lg/ml of gp63?Hsp70. Cells were then incubated at 37°C for 72 h and supernatant was collected and stored at -20°C. This was then assayed for IL-2, IL-10 and IFN-c by using ELISA kits (BenderMed Systems, Diaclone). All the experiments were performed three times independently. The data comparisons were tested for significance using SPSS software. Two-way comparison between all the groups was performed using Student's t test while the multiple comparisons amongst different groups were performed by analysis of variance (ANOVA). P values of less than 0.05 were considered significant.
Results
Parasite load
The parasite burden in liver and spleen was calculated in all groups of mice on 30, 60 and 90 days post infection/ challenge and was measured in terms of LDU. The immunized animals revealed significantly (p \ 0.05) lesser parasite load in comparison to the infected controls. Parasite load in liver increased significantly in infected control BALB/c mice on different post infection days. In contrast, in the immunized animals, the parasite load declined significantly (p \ 0.05) from 30 to 90 days post infection.
In the animals immunized with a cocktail vaccine of gp63 and Hsp70, the parasite load declined by 82.21-92.61 % as compared to the infected controls from 30 to 90 days post infection. When the animals were immunized with the cocktail vaccine along with two different adjuvants-MPL-A and ALD, the level of protection increased significantly (p \ 0.05). Animals immunized with gp63? Hsp70 in combination with ALD showed a reduction of 83.84-93.51 % in the parasite load while least parasite load was observed in animals immunized with both the antigens in combination with MPL-A. The decline in parasite load in this group of animals was 89.37-97.13 % as compared to the infected controls (Fig. 1) . The combination of gp63 and Hsp70 caused 49.19-90.66 % reduction in splenic parasite load as compared to the infected controls. With the addition of ALD to the cocktail vaccine, the level of protection increased from 55.67-92.32 %. Furthermore, when the vaccine was used along with MPL-A, the decline in parasite load was 63-94.35 %. Among all the immunized groups, the difference in LDU was found to be significant (p \ 0.001) on all days post challenge (Fig. 2) .
Delayed type hypersensitivity (DTH) responses
The DTH responses were measured as an index of cellmediated immune responses. In all the groups of animals, the DTH responses increased significantly from 30 to 90 days post infection. However, the immunized animals revealed significantly (p \ 0.05) higher DTH responses in comparison to the infected controls. Immunization of animals with gp63?Hsp70 along with MPL-A antigen induced the highest level of DTH response followed by those immunized with gp63?Hsp70?ALD and gp63?Hsp70 (Fig. 3) . The difference in the DTH responses of the animals immunized with the antigens in combination with ALD and MPL-A was significant (p \ 0.05).
Specific antibody responses
The humoral response to gp63?Hsp70?MPL-A and gp63? Hsp70?ALD was characterized by analyzing the distribution of IgG1 and IgG2a specific antibodies in the sera of immunized and control animals. In all the groups of animals, IgG1 and IgG2a antibody responses were evaluated in the serum samples by ELISA using specific anti-mouse isotype antibodies. Immunized animals showed higher IgG2a and lower IgG1 antibody levels in comparison to the infected controls.
The maximum levels of IgG2a antibody were observed in the mice immunized with gp63?Hsp70?MPL-A. The gp63? Hsp70?ALD recipient mice also produced significant levels of IgG2a antibody (Fig. 4a) . In contrast to the IgG2a levels, the immunized animals revealed significantly (p \ 0.05) lesser IgG1 levels as compared to the infected controls. The animals immunized with gp63?Hsp70 in combination with adjuvants (ALD or MPL-A) revealed significantly (p \ 0.05) reduced IgG1 levels as compared to those immunized with gp63?Hsp70. Minimum IgG1 levels were observed in the animals immunized with gp63?Hsp70?MPL-A (Fig. 4b) .
Cytokine responses
The immune response (Th1 or Th2) generated by various vaccine formulations was assessed by quantifying the cytokines (IFN-c, IL-2 and IL-10) produced by splenocytes of vaccinated animals. The concentration of Th1 specific cytokines, that is, IFN-c and IL-2 were significantly (p \ 0.05) higher in the immunized mice as compared to the infected controls. Maximum concentrations of these cytokines were observed in animals immunized with the combination of gp63 and Hsp70 along with MPL-A. As compared to this group, the mice immunized with gp63?Hsp70?ALD showed significantly (p \ 0.05) lesser concentration of these cytokines. Least concentration of these cytokines was observed in the animals immunized with the antigens alone (Fig. 5a, b) . The (Fig. 5c ).
Discussion
Currently, the drugs used in leishmaniasis treatment present several problems, including high toxicity and many adverse effects, leading to patients withdrawing from treatment and emergence of resistant strains. In addition, the high cost of these compounds makes the treatment far from suitable and, regrettably, it has been increasing gradually throughout the years (Yardley et al. 2002; Singh and Sivakumar 2004) .Till date, no cost effective control for leishmaniasis exists. Therefore, the development of a safe, effective and affordable vaccine would seem to offer the only real solution for controlling leishmaniasis. An increasing number of Leishmania molecules with potential for vaccine development are being identified (Requena et al. 2004) . Earlier in our laboratory, we showed that the cocktail vaccine of gp63 and Hsp70 antigens imparted significant protection in L. donovani infected BALB/c mice (Kaur et al. 2011b ). The ultimate goal of vaccination is to generate a strong immune response which confers long lasting protection against leishmaniasis. As purified protein antigens are poor immunogens, they require the addition of an adjuvant or antigen-carrier system to be effective. MPL-A has been recognized as potent immunostimulator and is able to induce humoral as well as cell-mediated immune response when used along with antigen. MPL-A has been safely used as a vaccine adjuvant in animal models and in human clinical trials against several infectious diseases and has been effective in shifting immune responses of some antigens from a Th2-dominant to a Th1-dominant response (Evans et al. 2003) . The potential of autoclaved antigen of L. donovani to induce cell-mediated and humoral response has also been evaluated and results indicate that it has potential as a vaccine which could trigger cell-mediated immune response (Nagill et al. 2009 ). Therefore in the present study the immunoprophylactic potential of gp63?Hsp70 along with adjuvants MPL-A and ALD has been assessed. The protective efficacy of vaccines was assessed by the percentage reduction in the parasite load in liver and immunogenicity was assessed through the detection of DTH response, production of anti-leishmanial antibodies (IgG1 and IgG2a) and cytokines such as IFN-c, IL-2 and IL-10.
In the present study, immunization of mice with gp63?Hsp70?MPL-A and gp63?Hsp70?ALD conferred significant protection against a progressive infection with L. donovani. The gp63?Hsp70?MPL-A vaccine significantly protected the BALB/c mice against L. donovani infection and reduced the parasite load in liver by 97.13 % and in spleen by 94.35 %. The results are in consistence with previous studies which showed that addition of monophosphoryl lipid plus squalene emulsion (MPL-SE) to a cocktail vaccine (containing H1, HASPB1 and MML) or Leish-110f conferred partial or significant protection in dogs against VL respectively (Moreno et al. 2007; Miret et al. 2008) . Experimental infection of immunized mice and hamsters have demonstrated that Leish-111f?MPL-SE induced significant protection against L. infantum infection, with reduction in parasite loads up to 99.6 % (Coler et al. 2007) . Also, the use of ALD as an adjuvant along with gp63?Hsp70 antigen significantly protected the BALB/c mice against Leishmania infection and reduced the parasite load by 85.7 %. This is in agreement to the studies which showed that vaccination with autoclaved L. major conferred significant protection in simian and mice (Dube et al. 1998; Misra et al. 2001; Michel et al. 2006) while ALD has been shown to confer protection in hamster model (Srivastava et al. 2003) . Immunization with autoclaved Leishmania antigen has been shown to induce a significant resistance to challenge infection in mice as observed by reduction in parasite load (Nagill et al. 2009 ). In contrast, autoclaved L. major along with BCG did not induce significant protective immune response in humans against VL (Khalil et al. 2000) . Taken together, our results confirmed that both vaccine formulations imparted protection in mice against a progressive infection with L. donovani however the degree of protection varied with the adjuvant used. As seen by reduction in parasite load, protection imparted by MPL-A was more effective than gp63?Hsp70?ALD suggesting that MPL-A is more superior as an adjuvant in comparison to ALD. This is in correspondence to our previous studies where MPL-A was more effective in increasing the protective efficacy of 78 kDa antigen and cocktail of Hsp70?Hsp83 as compared to ALD (Nagill and Kaur 2010; Kaur et al. 2011a) .
The humoral response to gp63?Hsp70?MPL-A and gp63?Hsp70?ALD was characterized by analyzing the distribution of IgG1 and IgG2a specific antibodies in the sera of immunized and control animals. ELISA results show that immunized groups developed higher level of antibody responses than control animals. The IgG1 response is an indicator of Th2 type of immune response and IgG2a antibody response corresponds to Th1 response which is protective. Among the two immunized groups, the highest IgG1 response was induced in mice immunized with gp63?Hsp70?ALD followed by gp63?Hsp70? MPL-A. In contrast, the IgG2a antibody production was found to be maximum in mice immunized with gp63? Hsp70?MPL-A followed by mice immunized with gp63? Hsp70?ALD and infected controls. It indicates that MPL-A is more protective and effective in generating Th1 response as compared to ALD. Previous studies have also shown that mice immunized with autoclaved antigen preferentially induce type 1 immune response (Nagill et al. 2009 ). Moreover, immunization with 78 kDa ?MPL-A and Hsp70?Hsp83?MPL-A has been shown to significantly of cytokines (a IFN-c, b IL-2, c IL-10 ) in the supernatants of cultures of splenocytes incubated with gp63 and Hsp70 cocktail. The splenocytes were prepared from spleen collected on different days post challenge in BALB/c mice immunized with different vaccine formulations increase the production of IgG2a response (Nagill and Kaur 2010; Kaur et al. 2011a) .Vaccination with Leish111f?MPL-SE has been shown to increase antibody titers indicating a targeted immune response (Trigo et al. 2010) .
A typical DTH reaction is characterized by activation and recruitment predominantly of T cells and macrophages at the site of intradermal injection in previously sensitized host (Black 1999) . Peak DTH responses were observed in animals which were immunized with a combination of gp63?Hsp70?MPL-A and these were followed by animals immunized with a combination of gp63?Hsp70?ALD. The efficacy of gp63?Hsp70 antigen along with MPL-A was superior to that of ALD in generating DTH response. These immunized groups were followed by infected and normal controls suggesting that immunized mice developed a strong cell-mediated immune response and thereby resisted the challenge by parasites. The results demonstrated a positive correlation between enhanced DTH response and reduced parasite load for all groups. Our results are in agreement with the studies which showed that mice immunized with autoclaved and heat killed antigen of L. donovani elicited strong DTH response correlated with the protection against infection in these groups (Nagill et al. 2009) . Similarly monkeys vaccinated with ALM?rIL-12 has been shown to elicit higher DTH responses (Gicheru et al. 2001) . Our studies are also in consistence with the studies which showed that MPL-A when used along with 78 kDa antigen for immunization further enhanced the DTH response (Nagill and Kaur 2010) . Also, MPL-A significantly elicited the DTH responses as compared to ALD when given with Hsp70?Hsp83 prior to L. donovani infection in BALB/c mice (Kaur et al. 2011a) .
The immune response (Th1 or Th2) generated by various vaccine formulations was assessed by quantifying the cytokines (IFN-c, IL-2 and IL-10) produced by splenocytes of vaccinated animals. Mice immunized with gp63?Hsp70? MPL-A showed greater concentration of IFN-c, the Th1 specific cytokine in comparison to mice immunized with gp63?Hsp70?ALD followed by control animals. High levels of IFN-c indicate the development of a protective Th1 immune response. This IFN-c is found to come from natural killer cells and is thought to play an important role as a component of innate immune mechanism for the activation of macrophages (Nylen et al. 2003) . Immunization of animals significantly increased the concentration of IL-2 in comparison to the infected controls. Similarly, the IL-2 levels were also found to be maximum in animals immunized with gp63?Hsp70?MPL-A followed by mice immunized with gp63?Hsp70?ALD and then control animals suggesting that MPL-A is more efficient in generating Th1 type of immune response as characterized by enhanced IFN-c and IL-2 production in comparison to ALD. IL-2 plays a critical role in priming naive CD4
? T cells to become IL-4 or IFN-c producers (Seder et al. 1994) and it is a principal T cell growth factor for Th1 type of immune response. In contrast, IL-10 response was found to be maximum in infected control animals but declined significantly in mice immunized with gp63?Hsp70?ALD followed by mice immunized with gp63?Hsp70?MPL-A. IL-10 represents the main macrophage-deactivating cytokine and plays an important regulatory role in the progression of VL (Tripathi et al. 2007 ). Our results are in consistence with those obtained from murine leishmaniasis model of both cutaneous and visceral diseases where expression of IFN-c is associated with control of infection (Heinzel et al. 1989; Squires et al. 1989) . Studies on cytokine profiles in canine VL have established the predominance of the Leishmania-specific Th1 response in asymptomatic dogs and the role of IFN-c as the key cytokine involved in the activation of macrophages and the killing of the intracellular amastigotes (Carrillo and Moreno 2009 ).
Our results are also in correspondence with the studies which showed that mice immunized with 78 kDa antigen ?MPL-A significantly brought down the IL-4 and IL-10 levels in immunized mice. Production of these cytokines was also suppressed to some extent in 78 kDa?ALD immunized mice (Nagill and Kaur 2010) . Studies have also shown that immunization with Leish-111f?MPL-SE protected mice and hamsters against L. infantum infection that correlated with induction of Th1 immune response as characterized with production of IFN-c, TNF, IL-2 with little IL-4 (Coler et al. 2007) . High levels of IL-10 in infected control animals supported the view that upregulation of this cytokine is accompanied by disease progression and depressed Th1 type of cell-mediated immunity with decreased production of IFN-c and IL-12 (Carvalho et al. 1989; Ghalib et al. 1993) . Previous studies have also confirmed that IL-10 suppresses Th1 response, which plays a protective role against active VL (Carvalho et al. 1994) . Moreover studies have shown that IL-10 gene deficient mice are resistant to L. donovani infection and produce more IFN-c and IL-12 (Murphy et al. 2001) . These results are in accordance with our previous studies where animals immunized with Hsp70?Hsp83? MPL-A induced maximum levels of IFN-c, IL-2 and minimum levels of IL-10 when compared with the mice immunized with Hsp70?Hsp83?ALD and Hsp70?Hsp83 (Kaur et al. 2011a ). Thus it can be concluded that both vaccine formulations i.e. gp63?Hsp70?MPL-A and gp63?Hsp70?ALD were found to be protective in terms of reduction in parasite load, good DTH response, production of anti-leishmanial antibodies and upregulation of cytokine production by splenocytes of immunized BALB/c mice. Both of them conferred best protection and induced Th1 mediated cellular immune responses in mice against L. donovani infection. However, vaccine formulation composed of gp63?Hsp70?MPL-A was found to be more effective than gp63?Hsp70?ALD in terms of efficient reduction in parasite load, increased DTH response and enhanced production of IgG2a, IFN-c and IL-2.
